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Abstract: Early non-invasive detection and prediction of graft function after kidney transplantation
is essential since interventions might prevent further deterioration. The aim of this study was to
analyze the dynamics and predictive value of four urinary biomarkers: kidney injury molecule-1
(KIM-1), heart-type fatty acid binding protein (H-FABP), N-acetyl-β-D-glucosaminidase (NAG), and
neutrophil gelatinase-associated lipocalin (NGAL) in a living donor kidney transplantation (LDKT)
cohort. Biomarkers were measured up to 9 days after the transplantation of 57 recipients participating
in the VAPOR-1 trial. Dynamics of KIM-1, NAG, NGAL, and H-FABP significantly changed over
the course of 9 days after transplantation. KIM-1 at day 1 and NAG at day 2 after transplantation
were significant predictors for the estimated glomerular filtration rate (eGFR) at various timepoints
after transplantation with a positive estimate (p < 0.05), whereas NGAL and NAG at day 1 after
transplantation were negative significant predictors (p < 0.05). Multivariable analysis models for
eGFR outcome improved after the addition of these biomarker levels. Several donor, recipient
and transplantation factors significantly affected the baseline of urinary biomarkers. In conclusion,
urinary biomarkers are of added value for the prediction of graft outcome, but influencing factors
such as the timing of measurement and transplantation factors need to be considered.

Keywords: kidney transplantation; urinary biomarkers; prediction models

1. Introduction

During the procedure of organ donation and transplantation, several potentially
harmful processes occur, affecting the viability and quality of the kidney graft. Ischemia
reperfusion injury (IRI) is inevitable and additional injury like brain death induced in-
flammation in the case of donation after brain death (DBD) donors, or prolonged warm
ischemia in the case of donation after circulatory death (DCD) donors, may further harm
the graft [1–3]. This is often clinically manifested in the early phase after transplantation as
delayed graft function (DGF) or even primary non function (PNF), but may also make the
graft prone to rejection or interstitial fibrosis and tubular atrophy (IFTA), reducing graft
and patient survival [4–6]. New strategies to predict graft injury and/or dysfunction at an
early stage might allow for early intervention and eventually improve the graft outcome [7].
Biomarkers, single or in combination, may be a helpful tool in this perspective and are
used in animal experiments and clinical studies as a measure of injury. Various studies
have suggested the use of non-invasive biomarkers for the prediction of early graft func-
tion [8,9]. Performance of these biomarkers, however, may vary between clinical syndromes
or circumstances (e.g., acute kidney injury (AKI) or acute rejection) due to functions of the
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biomarker itself. This implies that the clinical utility of a biomarker needs to be carefully
evaluated within the context it is used before it can be implemented in daily clinical care
and prediction models [10–12].

Regarding kidney injury and graft outcome, several urinary biomarkers have been
suggested including kidney injury molecule-1 (KIM-1), heart-type fatty acid binding protein
(H-FABP), N-acetyl-β-D-glucosaminidase (NAG), and neutrophil gelatinase-associated
Lipocalin (NGAL). These four biomarkers are upregulated, excreted, and/or released by
the kidney at the time of injury like IRI, and could therefore be a proxy of the severity
of damage [12]. These four biomarkers have been selected for various reasons. First of
all, the biomarkers have different functions and origins in the nephron. KIM-1 has been
indicated as a damage marker from the proximal tubule [13]. NAG is also released from
the proximal tubule, but has shown both negative and positive relations with kidney
outcome [14,15]. NGAL has also been indicated as a damage marker like KIM-1, but from
the distal tubule [16]. H-FABP is predominantly present in the myocardium and to small
mounts in the distal tubules of the kidney, and is therefore mainly evaluated in the context
of cardiac surgery. However, recent studies have suggested the potential role of H-FABP
as a biomarker following kidney transplantation [17]. Additionally, these biomarkers
have been widely evaluated and used in animal and human studies, and were primary
and/or secondary outcomes, thus stating the importance of these biomarkers [8]. However,
research regarding the predictive value of KIM-1, H-FABP, NAG, and NGAL on graft
outcome in kidney transplantation is scarce and the majority has focused on recipients of
deceased kidney donors and AKI. During living donation, the duration of ischemia and the
quality of the donor are substantially different to that of the deceased donors. In addition,
studies often focus on one timepoint after transplantation and the possible dynamics of
biomarkers over time are not considered. The current study therefore aimed to analyze the
dynamics and predictive value of these urinary biomarkers for graft outcome measures in
living donor kidney transplantation (LDKT).

2. Results
2.1. Baseline Characteristics

The baseline characteristics of the donors and recipients are summarized in Table 1.
The course of the estimated glomerular filtration rate (eGFR) levels after transplantation is
presented in Supplementary Materials, Figure S1.

Table 1. The baseline characteristics of the donors and recipients.

Donor n = 57

Age [y] 52.3 (±11.0)
Male [n(%)] 26 (45.6%)

BMI [kg/m2] 27 (±3.2)
Active smokers [n(%)] 16 (28.1%)

Cardiovascular comorbidity [n(%)] 17 (29.8%)
Medication use [n(%)]

Antihypertensive therapy 15 (26.3%)
Statins 7 (12.3%)
PPI’s 9 (15.8%)

Pre-donation mGFR [mL/min] 116 (97–134)
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Table 1. Cont.

Recipient n = 57

Age [y] 51.2 (45.0–58.5)
Male [n(%)] 27 (47.4%)

BMI [kg/m2] 25.4 (22.5–28.3)
Cardiovascular comorbidity [n(%)] 39(68.4%)

Medication use [n(%)]
Antihypertensive therapy 52 (91.2%)

Phosphate binders 32 (56.1%)
Statins 28 (49.1%)

Unrelated donor [n(%)] 29 (50.9%)
Pre-emptive transplantation [n(%)] 28 (49.1%)

Re-transplantation [n(%)] 7 (12.3%)
≥3 HLA mismatches [n(%)] 35 (61.4%)

Positive PRA [n(%)] 7 (12.3%)
Ischemia times [min]

WIT 1 4 (3–4)

CIT 175.5
(156.0–187.0)

WIT 2 43.0 (± 7.3)

Kidney and Patient Outcomes n = 57

DGF [n(%)] 3 (5.4%)
eGFR 1 month post transplantation [mL/min/1.73 m2] 50.8 (±14.9)
eGFR 3 months post transplantation [mL/min/1.73 m2] 49.6 (38.8–58.2)
eGFR 6 months post transplantation [mL/min/1.73 m2] 50.4 (38.8–61.1)

eGFR 12 months post transplantation [mL/min/1.73 m2] 50.2 (±14.2)
eGFR 24 months post transplantation [mL/min/1.73 m2] 51.4 (±17.6)

Acute rejection 2 years [n(%)] 9 (16.1%)
Graft loss [n(%)] 2 (3.5%)
Mortality [n(%)] 1 (1.8%)

Data given as mean (± SD), median (IQR) or n(%). Abbreviations: n: number in group; BMI: body mass index;
PPI’s: proton pump inhibitors; HLA: human leukocytes antigens; PRA: panel specific antibodies ≥15%; WIT1:
warm ischemia time 1; CIT: cold ischemia time; WIT2: warm ischemia time 2, DGF: delayed graft function, mGFR:
measured glomerular filtration rate, eGFR: estimated glomerular filtration rate.

2.2. Dynamics of Urinary Biomarkers in Recipients after Transplantation

The dynamics of the urinary biomarkers are presented in Figure 1. KIM-1 showed a
significant decrease from the first urine until two hours after transplantation (p < 0.001),
followed by significant increases until day 2 (p < 0.001). Afterward, the KIM-1 levels
decreased from day 2 until day 6 after transplantation (p < 0.001). The levels of NGAL
significantly decreased after transplantation. We observed a significant decrease between
2 h and day 1 (p < 0.001), day 2 (p = 0.007) and day 6 (p < 0.001). The NAG levels showed
a significant decrease between the first urine and day 1 after transplantation (p < 0.001),
followed by a significant increase at day 2 (p < 0.001). The significant increase continued
between day 6 and day 9 after transplantation (p = 0.043). Similar to NGAL, the levels of
H-FABP decreased over 9 days. The H-FABP levels significantly decreased between first
urine until day 1 after transplantation (p < 0.001), which continued between day 1 and
day 2 (p = 0.002), and day 2 and day 9 (p < 0.001).
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Figure 1. Post-transplantation urinary biomarkers, corrected for the urinary creatinine levels. 
Median urinary biomarker levels with interquartile range. (A) KIM-1, (B) NGAL, (C) NAG, (D) H-
FABP. Abbreviations: KIM-1: kidney injury molecule-1, NGAL: neutrophil gelatinase-associated 
lipocalin, NAG: N-acetyl-β-D-glucosaminidase, H-FABP: heart-type fatty acid binding protein. 

2.3. The Variability between Subjects of Urinary Biomarkers after Transplantation 
In all models, time had a significant effect on the course of the urinary biomarkers (p 

< 0.001) and the addition of patient ID as a random effect improved the models. The best-
fitting models are presented in Table 2. The intercept, representing an estimate of the 
baseline of a biomarker, of the KIM-1 model significantly increased if a sex mismatch was 
present (p = 0.0065) and with every min increase of second warm ischemia time (WIT, (p 
= 0.023), but the univariable model for sex mismatch fitted the data best. Presence of a sex 
mismatch and an unrelated donor significantly increased the intercept (p = 0.0008 and p = 
0.0228, respectively). Every year increase in the recipient age significantly increased the 
baseline of NAG activity with 0.0079 IU/mmol in a univariable model (p = 0.0213). The 
best-fitting model was represented by the addition of the sex mismatch. The baseline of 
the H-FABP model increased significantly by every minute increase of the cold ischemia 
time with 0.0065 ng/mmol (CIT, (p = 0.0189). The multivariable mixed models did not 
perform superior to the univariable mixed models. 

Table 2. The univariable mixed-effects models of the urinary biomarkers. 

Urinary Biomarker Variable (Effect) B (Unit) SE of b p-Value 

KIM-1 Sex mismatch (intercept) 0.39 (male/female) 0.14 0.0065 
WIT2 (intercept) 0.030 (min) 0.009 0.0023 

NAG 
Sex mismatch (intercept) 0.28 (yes/no) 0.08 0.0008 

Unrelated donor (intercept) 0.19 (no/yes) 0.08 0.0228 
Recipient age (intercept) 0.0079 (years) 0.003 0.0213 

H-FABP CIT (intercept) 0.0065 (min) 0.003 0.0189 
Best-fitted models are presented with an estimate of the fixed effects (b with SE). b is expressed with 
additional information about the unit: either as a categorical variable or as a continuous variable 
(with type of unit). Abbreviations: KIM-1: kidney injury molecule-1; NAG: N-acetyl-β-D-
glucosaminidase; HFABP: heart-type fatty acid binding protein; WIT2: eGFR: estimated glomerular 
filtration rate; CIT: cold ischemia time. 

2.4. The Additional Value of Urinary Biomarkers to Prediction Models for Renal Outcome 
Univariable analysis of all the urinary biomarkers indicated several significant 

predictors for eGFR after transplantation, which are shown in Table 3. All univariable 
analysis results are included in Supplementary Tables S1–S4. KIM-1 at day 1 after 
transplantation was a significant positive predictor for 1-month (p = 0.010), 3-month (p = 
0.034), 6-month (p = 0.025), 12-month (p = 0.008), and 24-month eGFR (p = 0.025). The NAG 
levels on day 1 were significant negative predictors for 1-month, (p = 0.017), 6-month (p = 
0.006) and 24-month eGFR (p = 0.037). However, NAG on day 2 was a positive predictor 
for 6-month (p = 0.020) and 12-month eGFR (p = 0.022). NGAL on day 1 was a significant 
negative predictor for 1-month eGFR (p = 0.004). H-FBAP was not a significant predictor 

Figure 1. Post-transplantation urinary biomarkers, corrected for the urinary creatinine levels. Median
urinary biomarker levels with interquartile range. (A) KIM-1, (B) NGAL, (C) NAG, (D) H-FABP.
Abbreviations: KIM-1: kidney injury molecule-1, NGAL: neutrophil gelatinase-associated lipocalin,
NAG: N-acetyl-β-D-glucosaminidase, H-FABP: heart-type fatty acid binding protein.

2.3. The Variability between Subjects of Urinary Biomarkers after Transplantation

In all models, time had a significant effect on the course of the urinary biomarkers
(p < 0.001) and the addition of patient ID as a random effect improved the models. The
best-fitting models are presented in Table 2. The intercept, representing an estimate of
the baseline of a biomarker, of the KIM-1 model significantly increased if a sex mismatch
was present (p = 0.0065) and with every min increase of second warm ischemia time (WIT,
(p = 0.023)), but the univariable model for sex mismatch fitted the data best. Presence of a
sex mismatch and an unrelated donor significantly increased the intercept (p = 0.0008 and
p = 0.0228, respectively). Every year increase in the recipient age significantly increased the
baseline of NAG activity with 0.0079 IU/mmol in a univariable model (p = 0.0213). The
best-fitting model was represented by the addition of the sex mismatch. The baseline of the
H-FABP model increased significantly by every minute increase of the cold ischemia time
with 0.0065 ng/mmol (CIT, (p = 0.0189). The multivariable mixed models did not perform
superior to the univariable mixed models.

Table 2. The univariable mixed-effects models of the urinary biomarkers.

Urinary Biomarker Variable (Effect) B (Unit) SE of b p-Value

KIM-1
Sex mismatch (intercept) 0.39 (male/female) 0.14 0.0065

WIT2 (intercept) 0.030 (min) 0.009 0.0023

NAG
Sex mismatch (intercept) 0.28 (yes/no) 0.08 0.0008

Unrelated donor (intercept) 0.19 (no/yes) 0.08 0.0228
Recipient age (intercept) 0.0079 (years) 0.003 0.0213

H-FABP CIT (intercept) 0.0065 (min) 0.003 0.0189

Best-fitted models are presented with an estimate of the fixed effects (b with SE). b is expressed with additional
information about the unit: either as a categorical variable or as a continuous variable (with type of unit).
Abbreviations: KIM-1: kidney injury molecule-1; NAG: N-acetyl-β-D-glucosaminidase; HFABP: heart-type fatty
acid binding protein; WIT2: eGFR: estimated glomerular filtration rate; CIT: cold ischemia time.

2.4. The Additional Value of Urinary Biomarkers to Prediction Models for Renal Outcome

Univariable analysis of all the urinary biomarkers indicated several significant predic-
tors for eGFR after transplantation, which are shown in Table 3. All univariable analysis
results are included in Supplementary Tables S1–S4. KIM-1 at day 1 after transplantation
was a significant positive predictor for 1-month (p = 0.010), 3-month (p = 0.034), 6-month
(p = 0.025), 12-month (p = 0.008), and 24-month eGFR (p = 0.025). The NAG levels on day
1 were significant negative predictors for 1-month, (p = 0.017), 6-month (p = 0.006) and
24-month eGFR (p = 0.037). However, NAG on day 2 was a positive predictor for 6-month
(p = 0.020) and 12-month eGFR (p = 0.022). NGAL on day 1 was a significant negative
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predictor for 1-month eGFR (p = 0.004). H-FBAP was not a significant predictor for the
eGFR measurements. Changes between the first and last sample moment of all biomarkers
were also implemented in regression models but did not show significant predictive value
for renal outcome.

Table 3. The univariable regressions of the urinary biomarkers.

1-Month eGFR

Variable p-Value Estimate (95% CI)

KIM-1 day 1 0.010 7.71 (1.96–13.46)

NAG day 1 0.017 −8.26 (−14.99–−1.53)

NGAL day 1 0.004 −4.55 (−7.58–−1.51)

3-Month eGFR

Variable p-Value Estimate (95% CI)

KIM-1 day 1 0.034 6.80 (0.54–13.06)

6-Month eGFR

Variable p-Value Estimate (95% CI)

KIM-1 day 1 0.025 6.57 (0.86–12.27)

NAG day 1 0.006 −9.65 (−16.37–−2.94)

NAG day 2 0.020 8.89 (1.47–16.31)

12-Month eGFR

Variable p-Value Estimate (95% CI)

KIM-1 day 1 0.008 7.33 (1.99–12.66)

NAG day 2 0.022 8.42 (1.24–15.60)

24-Month eGFR

Variable p-Value Estimate (95% CI)

KIM-1 day 1 0.025 7.82 (1.00–14.63)

NAG day 1 0.037 8.87 (−17.20–−0.55)
Data given as p-values and estimates (b with confidence interval (CI)). Abbreviations: KIM-1: kidney injury
molecule-1; NGAL: neutrophil gelatinase-associated lipocalin; NAG: N-acetyl-β-D-glucosaminidase; HFABP:
heart-type fatty acid binding protein.

All significant predictors from the univariable regression analysis were implemented
in a multivariable regression model, as shown in Table 4. The crude model consisted of
significant donor, recipient, and transplantation variables. The addition of urinary biomark-
ers, alone or in combination, improved the model fit in all models, but the significance
did not remain for all biomarkers. When analyzing the addition of separate biomarkers in
the multivariable regression model, KIM-1 at day 1 after transplantation was a significant
predictor for 1-month (p = 0.018), 3-month (p = 0.014), 6-month (p = 0.007), 12-month
(p = 0.004), and 24 month eGFR (p = 0.016). The addition of NAG at day 1 and day 2
after transplantation improved the prediction model for 6-month eGFR (p = 0.050 and
p = 0.006, respectively). NAG 2 days after transplantation was also a significant predictor
for 12-month eGFR (p = 0.013). The levels of NGAL at day 1 after transplantation improved
the prediction model for 1-month eGFR (p = 0.003).
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Table 4. Multivariable regressions and the addition of urinary biomarkers to the crude model.

1-Month eGFR

Variable Adjusted R2 p-Value Estimate (95% CI)

Crude model
Donor sex

0.255
0.009 −9.79 (−16.98–2.60)

Donor age 0.007 −0.46 (−0.80–−0.13)

Addition of biomarker
KIM day 1 0.323 0.018 6.39 (1.16–11.62)
NAG day 1 0.259 0.089 −5.83 (−12.56–0.93)

NGAL day 1 0.259 0.003 −4.39 (−7.16–1.62)

Addition of===>1
biomarker

KIM day 1
0.396

0.001 8.70 (3.63–13.77)
NAG day 1 0.117 −4.64 (−10.50–1.12)

NGAL day 1 0.125 −2.20 (−5.03–0.63)

3-Month eGFR

Variable Adjusted R2 p-Value Estimate (95% CI)

Crude model Donor age 0.203 <0.001 −0.68 (−1.04–−0.33)

Addition of biomarker KIM-1 day 1 0.272 0.014 7.06 (1.52–12.60)

6-Month eGFR

Variable Adjusted R2 p-Value Estimate (95% CI)

Crude model Donor age 0.246 <0.001 −0.70 (−1.02–−0.38)

Addition of biomarker
KIM-1 day 1 0.317 0.007 6.82 (1.91–11.73)
NAG day 1 0.276 0.050 −6.42 (−12.85–0.01)
NAG day 2 0.319 0.006 9.18 (2.79–15.57)

Addition of >1
biomarker

KIM-1 day 1
0.373

0.090 4.59 (−0.74–9.91)
NAG day 1 0.056 −5.83 (−11.80–0.15)
NAG day 2 0.037 7.44 (0.48–14.40)

12-Month eGFR

Variable Adjusted R2 p-Value Estimate (95% CI)

Crude model Donor age 0.120 0.005 −0.48 (−0.82–−0.15)

Addition of biomarker
KIM-1 day 1 0.240 0.004 7.51 (2.56–12.45)
NAG day 2 0.189 0.013 8.62 (1.89–15.36)

Addition of >1
biomarker

KIM-1 day 1
0.264

0.035 5.64 (0.40–10.88)
NAG day 2 0.045 7.31 (0.17–14.45)

24-Month eGFR

Variable Adjusted R2 p-Value Estimate (95% CI)

Crude model Donor age 0.106 0.009 −0.57 (−0.98–−0.15)

Addition of biomarker
KIM-1 day 1 0.182 0.016 8.00 (1.57–14.43)
NAG day 1 0.118 0.137 −6.40 (−14.91–2.10)

Addition of >1
biomarker

KIM-1 day 1
0.200

0.019 8.12 (1.37–14.86)
NAG day 1 0.182 −5.48 (−13.62–2.66)

Data given as adjusted R-square (R2), p-values and estimates (b with confidence interval (CI)). Abbrevia-
tions: KIM-1: kidney injury molecule-1; NGAL: neutrophil gelatinase-associated lipocalin; NAG: N-acetyl-
β-D-glucosaminidase; HFABP: heart-type fatty acid binding protein.

3. Discussion

This post-hoc analysis shows that the levels of KIM-1, NAG, NGAL, and H-FABP
significantly changed over the course of nine days after transplantation in our LDKT
cohort, showing varied dynamic patterns. The patient, recipient, and transplantation
characteristics explained the variability in the baseline between subjects. In addition, the
predictive qualities differed per biomarker and between timepoints ranging from positive to
negative prediction. This indicates that the timing and context of biomarker measurements
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are important when using these markers as an outcome measure in kidney injury research,
since classically marked injury biomarkers may be involved in injury as well as repair
mechanisms.

Our results are conflicting with known animal experiments and clinical trials, as
we demonstrated a positive prediction of graft function with KIM-1 levels at day 1 af-
ter transplantation. KIM-1 is mainly viewed as a marker of kidney injury. Regarding
kidney transplantation, most research evaluating KIM-1 has been performed in the recip-
ients of deceased donor kidneys and showed an association of KIM-1 with suboptimal
outcomes [18–20]. Most kidneys derived from deceased donors have already experienced
an injurious event before retrieval, for instance, circulatory arrest or the systemic pro-
inflammatory response due to brain death. In addition, these kidneys are exposed to a
longer WIT and CIT. Furthermore, continued chronic expression of KIM-1 is associated
with inflammation, the apoptosis of tubular cells, and fibrosis leading to inferior long-term
outcome [20–23]. This may be the explanation that in studies in recipients of deceased donor
kidneys, increased KIM-1 expression is related to worse outcome. The balance between
kidney injury and levels of KIM-1 possibly defines the role of KIM-1 in injury or repair [24].
Moreover, the timing and endurance of KIM-1 expression seems to be the key to divergent
KIM-1 signaling [25]. A possible explanation for this positive predictive function is related
to the uptake of cellular debris, as it is crucial to clear the tubular lumen from cellular
debris in order to prevent tubular obstruction and mediate the immune response [26–30].
As shown in our results, an early peak at day 1 is a positive predictor of graft function,
but the continued increase at day 2 did not contribute to the prediction of graft outcome.
Furthermore, KIM-1 was also involved in the repair of tissue integrity, and thus improved
nephron function [31].

In contrast to KIM-1, NAG is a more disputable predictor with equivocal results.
Urinary NAG activity at day 1 is a negative predictor for eGFR from 1 up to 24 months
after transplantation. This is in line with previous research [14,32–35]. NAG is a lysosomal
enzyme, present in many cells amongst which the proximal tubular cells of the nephron that
release NAG by exocytosis or from the breakdown of cells. Therefore, an increased NAG
activity could indicate renal injury, making it a potential biomarker for injury associated
with kidney transplantation [11]. In contrast, NAG activity at day 2 after transplantation
positively predicted eGFR after transplantation. NAG activity on this day might reflect re-
generated tubular cells, showing a baseline lysosomal activity with higher levels indicating
more regenerated cells. Kotanko et al. showed that a low urinary NAG activity between
week two and four after transplantation was associated with poorer graft survival after
four years compared to the high urinary NAG activity in this period [15].

In line with previous studies, NGAL was a negative predictor for outcome after
transplantation outcome [16,36–38]. Release of NGAL by distal tubular epithelial cells
increases the severity of kidney injury such as IRI associated with transplantation. NGAL
was involved in various pathways including the regulation of apoptosis and induced renal
tubule proliferation, which is a possible mechanism of protection during injury. Increased
urinary NGAL levels after transplantation are thus potentially multifactorial as it is the
result of both increased synthesis and decreased reabsorption by the tubules [39,40].

In this study, we demonstrated that the levels of H-FABP were the highest in the
first produced urine after transplantation, followed by a significant decrease over time.
Similarly, plasma H-FABP was found to be elevated after kidney transplantation and
similar to our results, peaked immediately after reperfusion [17. A study by Schaub et al.
demonstrated that the H-FABP levels, measured pre-operatively and up to three days
post-operatively, were related to the development of AKI following cardiac surgery [41].
However, in our study, the H-FABP levels were not significantly related to the outcomes
after transplantation. Our study showed that a longer CIT increased the intercept of the
H-FABP model. Jochmans et al. demonstrated that the warm ischemia time significantly
impacted the H-FABP [17].
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Interestingly, the presence of a sex mismatch between the donor and recipient signifi-
cantly increased the baseline of the multiple biomarker models. Several studies have shown
that a sex mismatch has an impact on the graft. In a cohort of simultaneous pancreas–kidney
transplantation, Coffman et al. demonstrated that organs derived from male donors had
significantly higher graft survival rates compared to female donors [42]. To our knowledge,
this is the first clinical study that demonstrates that sex mismatch impacts the dynamics of
urinary biomarkers and potentially the graft early in the period after transplantation in a
LDKT cohort. It is important to note that the effect of sex difference might be influenced
by more than one patient-related factor [43]. Future studies that focus on the biological
mechanisms and behavioral difference are needed to better interpret these results and
explore the consequences in matching the donor and recipient in daily practice.

A few limitations of this study must be addressed. Our results only suggest associa-
tions and do not necessarily imply causality between the urinary biomarkers and eGFR
levels or graft outcome. In addition, our sample size of 57 LDKT recipients was small and
complications after transplantation like DGF were rare (n = 3). We therefore were not able
to look at the association of the biomarker levels and graft dysfunction in terms of DGF.
Therefore, further research is needed to determine the predictive value of these biomarkers
on adverse graft outcomes in a larger study population. Another important limitation
is the challenge in predicting the outcome after transplantation in the LDKT recipients.
Fortunately, complications after transplantation were limited in number and graft function
was relatively good. However, it may be beneficial to establish appropriate models for
the prediction of short- and long-term graft outcome since not all recipients had a eGFR
>50 mL/min/1.73 m2 after two years and acute rejection occurred in 16% of our study
population. Furthermore, we needed to acknowledge the lack of multiple testing correction.
This was an exploratory study, and we considered the analysis of every biomarker per
timepoint with five repetitive eGFR measurements not to be a substantial risk for false
positives. The fact that we sequentially measured the urinary biomarker levels is a major
strength, which provides insight into the temporal character of urinary biomarkers in LDKT
and the possible timeframes in which urinary biomarkers can be used as a biomarker. In
addition, the fact that we used splint urine ensures that the biomarkers measured originate
from the transplanted kidney only.

To conclude, the findings in our study advocate for a potential role of biomarkers in
injury as well as repair mechanisms, changing their role from passive bystander released
upon injury to an active role in regeneration. We show that the timing and context of
biomarker measurements are important when using these markers as an outcome measure
in kidney injury research. Further research is needed to determine the predictive functions
in more detail and in different contexts of kidney injury. In the current study cohort of
LDKT recipients, KIM-1, NAG, and NGAL appear to be potential biomarkers to predict
kidney function up to two years after transplantation. When future research establishes
the exact value of these biomarkers, the measurement of these urinary biomarkers after
transplantation could facilitate the possibility to closely monitor renal function in a non-
invasive manner and adjust treatments, thereby improving the patient outcomes.

4. Materials and Methods
4.1. Study Design

This study is a post-hoc analysis of the VAPOR-1 (Volatile Anesthetic Protection of
Renal Transplants-1) trial, a prospective randomized controlled trial on the effect of two
different anesthetic agents (propofol vs. sevoflurane) on renal outcome in LDKT. The
VAPOR-1 trial was approved by the local Institutional Review Board (METc 2009/334),
registered with ClinicalTrials.gov (NCT01248871) and conducted at the University Medical
Center of Groningen between September 2010 and October 2014. Details of the study have
previously been published [44]. A total of 60 donor–recipient couples (120 patients in total)
met the inclusion criteria, gave written informed consent, and were randomly assigned to
one of the following groups: PROP, propofol for the donor and recipient; SEVO, sevoflurane
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for the donor and recipient; and PROSE, propofol for the donor and sevoflurane for the
recipient. Three couples were excluded from the primary analysis due to violation of the
surgical or immunosuppressive protocol, leaving 57 couples (57 donors and 57 recipients)
for analysis. For this analysis, the recipients were pooled in one group.

4.2. Outcome Measures

The primary outcome was to study the release of four urinary biomarkers: KIM-1,
NGAL, NAG, and HFABP in the period after transplantation. These biomarkers were
chosen as they either represent different injury mechanisms or have a different origin in
the kidney. Secondary outcomes were predictive values of urinary biomarkers to eGFR, the
occurrence of DGF, acute rejection episodes, graft loss, and patient mortality. In recipients,
eGFR was calculated with the use of the CKD-EPI formula at month 1-, 3-, 6-, 12-, and
24-months after transplantation.

4.3. Timepoints

Urine samples were taken at standardized time points. Sample points in recipients
were first urine produced upon reperfusion, 2 h post-operative and on days 1, 2, 6, and
9 after transplantation. Urinary samples were collected from a splint (representing urine
solely from the transplanted kidney). H-FABP was not measured on day 6. Timepoints are
depicted in Figure 2.
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4.4. Measurement of Urinary Biomarkers

The urinary KIM-1, NGAL, and H-FABP levels were measured with the duoset
enzyme-linked immunosorbent assay (ELISA; R&D systems, Minneapolis, MN, USA).
NAG was measured by the modified enzyme assay using p-nitrophenyl-N-acetyl-β-D-
glucosaminidase as the substrate. Urinary creatinine was determined on a Roche Modular
chemistry analyzer (Roche Diagnostics, Indianapolis, IN, USA). KIM-1, H-FABP, and NAG
were measured for the VAPOR-1 study. For this post-hoc analysis, we additionally mea-
sured NGAL.

4.5. Statistical Analysis

Statistical analysis was performed in SPSS version 28 (IBM Corp, Armonk, NY, USA),
GraphPad Prism version 8.0.1. (GraphPad software, Inc., La Jolla, CA, USA), and R Studio
(v.1.4.1106, PBC, Boston, MA, USA). It was tested whether the continuous variables followed
a normal distribution with the use of the Shapiro–Wilk normality test and visualization
by the normal probability (Q–Q) plots. Data were corrected for extreme outliers (>2 SD).
Descriptive statistics were presented as the mean (±SD) for the normally distributed
variables, median (interquartile range (IQR)) in the case of non-normal distributions, or
proportions n with corresponding percentages (%) for the categorical variables. Before
statistical testing, we log transformed the urinary biomarker to better approximate a normal
distribution. Statistical significance was set at a p-value ≤ 0.05 for all comparisons.
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First, we analyzed the dynamics and the variability between the subjects of the urinary
biomarkers. For the dependent variables, a paired T-test or Wilcoxon signed rank test
was performed. Linear mixed-effects models were used to characterize and explain the
variability of the urinary biomarkers over time, where time was entered as a fixed effect.
The time effect was evaluated assuming a linear relationship, but nonlinear trends were also
evaluated using polynomial functions. Estimates of the covariates are presented as b with
standard error (SE). Patient identification was entered as a random effect. Donor, recipient,
and transplantation characteristics (based on literature) were evaluated on the fixed effects,
representing the baseline and parameters describing changes over time, on their ability
to explain the variability in urinary markers. Combinations of significant variables in the
univariable models were tested in the multivariable models to study whether a combination
of characteristics resulted in additional explanation of the variability in the biomarkers.
The best-fitted models are presented based on the Akaike information criteria (AIC) and
significance of the model parameters.

Next, we evaluated the predictive value of the urinary biomarkers for the transplan-
tation outcomes. Univariable linear regression analyses were performed to analyze the
urinary biomarkers as predictive variables in relation to the renal outcome parameters.
Significant predictive variables in the univariable models were added to a multivariable
regression model to assess the improvement in the prediction, based on the adjusted
R-square.
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